Background (Pro)renin receptor [(P)RR], a trans-membrane receptor for renin and prorenin, is involved in the local activation of renin-angiotensin system (RAS) in the kidney. However, it remains to be determined whether (P)RR plays a role in the development of ischemic acute kidney injury (AKI). Methods We examined the abundance of (P)RR, renin/ prorenin, angiotensinogen (AGT), AT 1 receptor (AT 1 R), phosphorylation of extracellular signal-regulated protein kinase 1/2 (ERK 1/2) and nuclear factor-jB (NF-jB) by Western blots at 6, 24 and 48 h, and at 7 days after 45-min ischemic injury in rats. Intrarenal angiotensin II (Ang II) levels were determined by radioimmunoassay. We then tested whether the beneficial effects of oral loading of saline solution (1.0 % NaCl) for 7 days prior to ischemic injury were associated with changes in RAS components and ERK 1/2 and NF-jB phosphorylation in the kidney. We also examined the effect of AT 1 R blocker, olmesartan, on ischemia-induced changes of (P)RR downstream such as AGT and phosphorylation of ERK 1/2. Results Renal ischemia increased the abundance of (P)RR protein at 24 h, and peaked at 48 h. (P)RR was mainly stained in the connecting tubules and collecting ducts in control rats, while ischemia increased its immunointensity in the damaged proximal tubules. Renal ischemia increased phosphorylation of ERK 1/2 and NF-jB proteins as early as at 6 h. There was a significant increase in AGT and Ang II levels at 24 and 48 h. Prior saline loading prevented the increase in serum creatinine at 48 h (5.36 ± 1.26 vs. 3.38 ± 1.74 mg/dL, p \ 0.05), and suppressed the increases in renal (P)RR, AGT and Ang II contents. Saline drinking also significantly blocked the ischemia-induced increases in phosphorylation of ERK 1/2 and NF-jB. In contrast, although treatment with olmesartan (10 mg/kg/day) for 14 days suppressed an increase of intrarenal AGT, olmesartan did not alleviate ischemic AKI, along with no change of (P)RR and phosphorylated ERK 1/2. Conclusions These findings suggest that increased (P)RR is associated with activation of RAS-independent downstream such as ERK 1/2 and NF-jB phosphorylation in the ischemic kidney.
Introduction
The renin-angiotensin system (RAS) is critical for the control of blood pressure and water/salt metabolism in mammals. Recent studies have demonstrated that the RAS is locally involved in diverse physiological and pathological processes such as cellular proliferation, inflammation and tissue fibrosis via its various receptors in the kidney [1] .
RAS has been also demonstrated to play a putative role in the molecular mechanisms of acute kidney injury (AKI). Renin activity was found to be elevated in ischemic rat kidneys [2, 3] . Intrarenal angiotensin II (Ang II) increased after renal ischemia/reperfusion injury, while Ang II receptor 1 (AT 1 R) decreased in vascular and tubular regions [3] [4] [5] . Elevated urinary angiotensinogen (AGT) adjusted for urinary creatinine excretion, which reflects intrarenal Ang II concentration strongly [6] , has also been shown to be a useful predictor of adverse outcomes in AKI patients in the intensive care unit [7, 8] .
Nguyen et al. [9] first cloned (pro)renin receptor [(P)RR] from a human kidney expression library. They found that the receptor is located in the mesangium of the glomeruli and in the subendothelium of kidney artery. In addition, they showed that (P)RR exerts its action mainly through the two mechanisms: (1) (P)RR is able to trigger intracellular signal by activating extracellular signal-regulated protein kinase 1/2 (ERK 1/2) as a result of tyrosine phosphorylation, and (2) the receptor acts as a cofactor by increasing the efficacy of AGT cleavage by receptor-bound renin/prorenin, thereby facilitating Ang II generation and action on a cell surface [9] .
(P)RR functions as an adaptor between Wnt receptors and vacuolar H
? -ATPase (VATPase) complex [10] . (P)RR also regulates vacuolar acidification in intercalated A cells of the renal collecting ducts [11] and cardiomyocytes [12] .
Ichihara et al. demonstrated that nonproteolytic activation of prorenin by binding of (P)RR to the ''handle'' region of the prorenin prosegment activates local RAS, thereby contributing to the progression of diabetic nephropathy [13] and hypertensive renal damage [14] . (P)RR immunoreactivity was also increased in intercalated cells of the distal nephron in the clipped kidneys of 2-kidney, 1-clip Goldblatt hypertensive rats, indicating enhanced intratubular Ang II formation in the distal nephron [15] . However, there have been no studies examining the association of (P)RR expression with AKI induction.
Recently, the Clinical Practice Guidelines for Acute Kidney Injury outlined by kidney disease improving global outcomes (KDIGO) [16] suggested using isotonic saline as initial management for volume expansion of intravascular volume in patients at risk for AKI. In animal studies, acute volume expansion with saline solution prior to AKI induction is protective against ischemic injury, despite lowering renal adenosine triphosphate (ATP) content [17] . This effect of saline loading is independent of the renal renin content in nephrotoxic AKI [18, 19] . Thus, the mechanisms by which prior saline loading affords protection against ischemic AKI remain to be elucidated.
The aim of the present study was to clarify the role of (P)RR in ischemic AKI. We examined the changes in (P)RR, AGT, AT 1 R and Ang II in the kidney after 45-min renal ischemia up to day 7. We also examined phosphorylation of ERK 1/2 and nuclear factor-jB (NF-jB) in the ischemic kidney. We then examined whether the beneficial effects of prior saline loading are associated with the suppression of activation of (P)RR downstream such as RAS components and ERK 1/2 signaling in the ischemic kidney. We also tested the effect of AT 1 R blocker (ARB), olmesartan, on local AGT and ERK 1/2 phosphorylation.
Methods

Study protocol
Male Sprague-Dawley rats weighing 250-300 g (purchased from SLC, Hamamatsu, Japan) were provided with free access to standard rat chow and drinking water. Ischemic AKI was induced by left renal pedicle clamping for 45 min just after right nephrectomy by laparotomy under diethyl ethereal and pentobarbital anesthesia (50 mg/ kg body weight).
A total of 32 rats were killed at 6, 24 and 48 h, and at 7 days after ischemic injury (each group, n = 8). We killed sham-operated rats (n = 8) and right nephrectomized animals (n = 8) at 48 h after surgery, and served those as controls. Blood samples and kidney, lung and heart tissues were collected after decapitation. Serum creatinine (Scr) and blood urea nitrogen (BUN) were measured by enzymatic assays by entrusting to SRL Inc, (Tokyo, Japan).
The experimental protocol was approved by the Ethics Review Committee for animal experimentation of Hamamatsu University School of Medicine.
Measurement of plasma renin activity, plasma Ang II and renal Ang II content Plasma renin activity (PRA) and Ang II levels were measured by double antibody radioimmunoassay entrusted to SRL Inc. Intrarenal Ang II concentration was measured using a combination of solid phase extraction and RIA, as described previously [20] .
Histological analyses
For histological examinations, the kidney tissue block was dehydrated in a graded alcohol series, embedded in paraffin, cut into 3-lm sections and stained with Periodic acid Schiff (PAS) reagent. One hundred tubules in the outer medulla were randomly selected at 4009 magnification, and were categorized based on tubular damage score for each rat according to the following criteria: 0, normal; 1, areas of tubular epithelial cell swelling, vacuolar degeneration, necrosis and desquamation involving\25 % of the tubular profile; 2, similar changes involving C25 % but \50 % of the tubular profile; 3, similar changes involving C50 % but\75 % of the tubular profile; 4, similar changes involving C75 % of the tubular profile [21] .
In order to minimize observer bias, morphometric examination was performed in a blinded manner, without knowledge of the group from which the tissue originated. Mean scores were calculated for each rat and for each group. We conducted these histological assessments at 6, 24 and 48 h, and 7 days after ischemic injury.
Immunohistochemical analyses
Paraffin-embedded tissue samples were cut into 3-lm-thick sections, deparaffinized and rehydrated. After microwave treatment and consumption of endogenous peroxidase with 3 % H 2 O 2 , slides were preincubated with 3 % bovine serum albumin to block nonspecific reactions. Samples were incubated overnight at 4°C with goat anti-(P)RR antibody (Abcam, Tokyo, Japan), rabbit anti-aquaporin-2 (AQP2) antibody (Calbiochem, San Diego, CA) and rabbit anti-calbindin D-28k antibody (EG-20, Sigma, St. Louis, MO) in consecutive sections.
After washing in phosphate-buffered saline (PBS) at pH 7.4, samples were incubated with streptavidin-conjugated peroxidase for 30 min at room temperature. Reaction products were visualized using H 2 O 2 containing 3,30-diaminobenzidine in 0.05 M Tris buffer.
Western blot analyses
Kidney samples obtained from the cortex and outer medulla regions in each animal were homogenized in 1 mM EDTA lysis buffer (Wako Pure Chemical Industries, Osaka, Japan), 0.5 % sodium deoxycholate (Sigma), 0.1 % sodium dodecyl sulfate (SDS), 250 mM sodium chloride (NaCl) and 50 mM Tris-hydrochloric acid (pH 7.5) in the presence of 10 mg/ml phenylmethylsulfonyl fluoride, 100 mM sodium orthovanadate at 4°C. Homogenates were centrifuged at 13,0009g for 15 min at 4°C, and supernatants were stored at -80°C until use. Subsequently, supernatants were incubated in Laemmli sample buffer (Bio-Rad Laboratories, Hercules, CA) with 5 % 2-mercaptoethanol at 99°C for 10 min. Total protein contents of homogenates were determined by bicinchoninic acid assay.
A volume equivalent to 20 lg protein was separated on polyacrylamide gels (Bio-Rad Laboratories) and were transferred to polyvinylidene difluoride (PVDF) membrane (Immobilion-P; Millipore, Bedford, MA). Membranes were As an internal standard, blots were re-probed with mouse anti-b-actin antibody (1:50000; Sigma).
Binding to primary antibodies was visualized using antigoat, anti-rabbit or anti-mouse horseradish peroxidase, followed by assessment with the ECL chemiluminescence detection system (Amersham Biosciences, Little Chalfont, UK). Densitometric analyses for Western blots were performed using National Institutes of Health image analysis software. Band intensities were normalized with respect to b-actin. Density of (P)RR, phospho-ERK 1/2 and phospho-NF-jB was expressed in relative terms against that in normal kidney.
Pretreatment with 1 % saline solution Administering 1 % NaCl for 48 h prior to AKI induction attenuates the severity of AKI [22] . In this study, we prepared saline solution (1 % NaCl) in place of drinking water at 7 days before AKI induction. Rats had free access to this solution. After induction of ischemic AKI, saline solution was replaced with standard drinking water containing no sodium.
Treatment with olmesartan
We had mixed 10 mg/kg/day of olmesartan (Daiichi-Sankyo, Co. Ltd, Tokyo, Japan) well with standard rat chow powder, and administered it orally via free access to the chow for 14 days. We then induced ischemic AKI, and assessed the abundance of (P)RR, AGT, phosphorylated ERK 1/2 protein at 6 and 48 h after ischemia.
Statistical analysis
All data are given as mean ± standard deviation (SD). Significant differences were determined using Student's t test and analysis of variance (ANOVA), followed by Fisher's tests (GraphPad Prism, version 6; GraphPad Software, Inc. La Jolla, CA). A value of p \ 0.05 was considered to indicate statistical significance.
Results
Induction of ischemic AKI
Scr levels began to rise at 6 h, and peaked at 48 h after renal ischemia and reperfusion. BUN levels also peaked at 48 h. Prior 1 % NaCl administration significantly prevented the increases in Scr (5.36 ± 1.26 vs. 3.38 ± 1.74 mg/dL, p \ 0.05) at 48 h and BUN (97.4 ± 33.9 vs. 59.9 ± 23.6 mg/dL, p \ 0.05) at 24 h (Fig. 1a, b) . Prior drinking of 1 % NaCl also decreased tubular damage scores at 24 h (3.17 ± 0.36 vs. 2.71 ± 0.28, p \ 0.01) and at 48 h (3.39 ± 0.31 vs. 2.76 ± 0.34, p \ 0.01) (Fig. 1c) .
PRA and plasma and intrarenal Ang II concentrations There was no difference in PRA level at 6, 24 and 48 h, or at 7 days after renal ischemia when compared with those in both sham-operated and right nephrectomized rats. However, there was a significant difference in PRA between saline-loaded and normal water drinking groups at 48 h after renal ischemia (p \ 0.05) (Fig. 2a) . Renal ischemia also did not change plasma Ang II concentration up to day 7 (Fig. 2b) . No difference was found in plasma Ang II between rats with normal water drinking and those with 1 % NaCl drinking.
In contrast, renal Ang II content was elevated significantly at 24 and 48 h after reperfusion in rats drinking normal water. Saline drinking significantly suppressed the ischemia-induced increase in intrarenal Ang II at 6 (p \ 0.05) and 24 h (p \ 0.01) (Fig. 2c) .
(P)RR protein expression following renal ischemia Renal ischemia increased the abundance of (P)RR protein at 24 h, and this peaked at 48 h. (P)RR abundance remained elevated until day 7. Prior saline administration suppressed ischemia-induced increases in (P)RR (Fig. 3a,  b) . Renal ischemia did not affect (P)RR expression in the lung (Fig. 3c ) and heart tissues (data not shown). (mg/dL) (mg/dL) 6 6 Sham Uni Nx 6hr 24hr 48hr 7day In uninephrectomized rats drinking normal water, (P)RR was mainly stained in tubular cells positive for AQP2 (marker of collecting ducts) and calbindin D-28k (marker of connecting tubules) in consecutive sections (Fig. 4a, b , left panel). Renal ischemia increased (P)RR immunostaining at cortical and outer medullary areas, including damaged proximal tubules and collecting ducts at 48 h after ischemia. In connecting tubules, (P)RR immunoreactivity was also partially increased. Prior saline drinking lessened the ischemia-induced increases of (P)RR staining in damaged proximal tubule, connecting tubule and collecting duct at 48 h (Fig. 4a, b , right panel).
Renin/prorenin, AGT and AT 1 R proteins in ischemic kidney Renal AGT was increased at 6 h, and peaked at 24 h. Prior saline drinking suppressed the ischemia-induced increases in AGT proteins. In contrast, there were no differences in renal renin/prorenin and AT 1 R abundance for 7 days. In addition, saline loading did not affect the abundances of renin/prorenin and AT 1 R following renal ischemia (Fig. 5) .
Phosphorylation of ERK 1/2 and NF-jB Phospho-ERK 1/2 abundance was elevated at 6 h after ischemia, and remained upregulated until day 7. In contrast, there were no changes in total ERK 1/2 abundance until day 7 (Fig. 6a) . Saline loading significantly blocked the ischemia-induced increase in phosphorylated to total ERK 1/2 ratio (Fig. 6b) . In consecutive kidney sections, phosphorylated ERK 1/2 was co-stained with (P)RR at 6 h after ischemia. Saline drinking lessened phospho-ERK 1/2 and (P)RR immunostaining (Fig. 6c) .
Renal ischemia also increased the ratio of phosphorylate to total NF-jB proteins in the kidney from 6 to 48 h, while saline loading significantly suppressed the ischemiainduced increase in phosphorylation to total NF-jB ratio (Fig. 7a, b) . Fig. 2 Changes in PRA and plasma and intrarenal Ang II concentrations in ischemic AKI. There were no significant differences in PRA up to day 7 after renal ischemia. PRA was significantly higher at 48 h in the normal water group than in the 1 % NaCl group (*p \ 0.05) (a). In contrast, there were no differences in plasma Ang II concentration between the two groups (b). Intrarenal Ang II concentrations were significantly increased at 24 and 48 h after ischemia in rats drinking normal water. Prior 1 % NaCl loading significantly suppressed ischemia-induced increases (c). PRA plasma renin activity, Ang II angiotensin II, Uni Nx uninephrectomized group, and AKI acute kidney injury.
# p \ 0.01 vs. uninephrectomized group (normal water). Effect of olmesartan on ischemic AKI Treatment with olmesartan significantly increased PRA and plasma Ang II concentrations at 6 and 48 h following renal ischemia (Table 1) . However, there was no difference in Scr and BUN levels at 6 and 48 h between in AKI rats with olmesartan treatment and those without. Tubular damage score at 6 h was significantly lower in olmesartantreated rats, while no difference found in tubular damage score at 48 h (Table 1) . Olmesartan significantly lessened the ischemia-induced increase in renal AGT protein at 6 and 48 h, while it did not change renal (P)RR and phospho-ERK 1/2 abundances until 48 h (Fig. 8a, b) .
Discussion
In this study, we first showed that renal ischemia and reperfusion injury increased (P)RR expression. (P)RR was mainly stained in the collecting ducts and connecting tubules in control animals, while renal ischemia increased its immunoreactivity in the cortical and outer medullary regions including the damaged proximal tubules. Ischemic injury also activated tissue RAS components including AGT and Ang II. These observations collectively suggest that enhanced (P)RR is closely associated with local RAS activation in the ischemic kidney.
In experimental studies, an increase in Ang II and activation of the mitogen-activated protein kinase (MAPK) signaling pathway are both associated with the development of kidney diseases such as diabetic glomerulosclerosis and nephropathy [23, 24] . (P)RR-induced ERK 1/2 activation also enhanced neovascularization in human umbilical vein endothelial cells independently of RAS [25] . In ischemic AKI, the ERK signaling pathway is activated in the kidney, mainly in the thick ascending limb [26] . In vivo inhibition of ERK 1/2 significantly reduced the ischemia-induced focal adhesion dissolution, and prevented histological tubular damage [27] . However, the association between increased (P)RR and ERK 1/2 activation remains unknown in AKI.
We showed that renal ischemia initially induced phosphorylation of ERK 1/2 at 6 h when intrarenal (P)RR was no longer upregulated. In addition, renal phospho-NF-jB p65 was also increased as early as at 6 h. Recently, it was demonstrated that activation of both the ERK and NF-jB signaling pathways directly stimulates (P)RR transcription after high glucose exposure in cultured rat meningeal cells [28] . Sodium depletion also increases NF-jB p65 binding to the distal NF-jB elements in the (P)RR promoter in proximal tubular cells [29] . It follows from these observations that activation of ERK 1/2 and NF-jB at early stages of AKI may stimulate (P)RR transcription, thereby leading to the generation of intrarenal Ang II. In connecting tubules, (P)RR immunoreactivity was also partially elevated. Prior saline loading reduced immunostaining in the proximal tubules and collecting ducts. (P)RR (pro)renin receptor, Uni Nx uninephrectomized group, AKI acute kidney injury, AQP2 aquaporin-2, CNT connecting tubules, CD collecting ducts, and PT proximal tubules
Clin Exp Nephrol (2015) 19:185-196 191 In this study, ERK 1/2 and NF-jB phosphorylation was upregulated until day 7 following renal ischemia. Activation of the ERK pathway has been shown to increase proximal tubular cell survival in the kidney after ischemia [26] . NF-jB is also involved in both the onset and resolution of acute inflammation [30] . Thus, future studies will be necessary to evaluate the role of these transcriptional factors in tubular cell regeneration during the recovery phase of ischemic AKI.
Studies conducted more than 30 years ago demonstrated that rats given 1 % NaCl showed protection against acute renal failure (ARF) mediated through depletion of renal cortical renin content [22, 31] . However, the detailed mechanisms for this renoprotection have not been explored.
Renal (P)RR expression has been demonstrated to be modified by dietary sodium intake [29, 32] . Low sodium diet for 1 week increases (P)RR immunostaining in the glomeruli, proximal and distal tubules, and collecting ducts in normal rats [29, 32] . Low sodium medium also upregulates (P)RR expression via the cGMP-protein kinase G (PKG) signaling pathway by enhancing binding of cAMP response element binding protein 1, NF-jB p65, and c-Jun to (P)RR promoter in the cultured rat proximal epithelial tubular cells [29] . In chronic nephritis model, high salt intake aggravated kidney injury in rats, and redistributed (P)RR protein from the cytoplasm to the apical membrane in the connecting tubules and collecting ducts [33] . A high salt diet also progresses glomerular damage and increased intrarenal (P)RR expression in Dahl salt-sensitive hypertensive rats, while treatment with eplerenone (a mineralocorticoid receptor blocker) decreased (P)RR protein [34] . In this study, we showed that prior saline administration decreased the ischemia-induced increment of (P)RR abundances concurrently with AGT and Ang II levels at 24 h. Although renal conditions are obviously different among experimental studies, these observations convincingly suggest that intrarenal (P)RR protein is associated with the severity of renal damage, and salt loading modifies its expression in the kidney.
There are some studies to show the beneficial effect of ARB on ischemic AKI [35, 36] . In this study, although olmesartan suppressed the ischemia-induced increase in intrarenal AGT, olmesartan failed to alleviate ischemic AKI, along with no change of intrarenal (P)RR and phospho-ERK 1/2. It follows from the findings that activation of RAS-independent downstream such as ERK 1/2 signal may be more important in the development of ischemic AKI.
(P)RR is an accessory protein that is associated with V-ATPase in the collecting duct [10] . In the present study, we confirmed that (P)RR was mainly immunostained in collecting ducts (positive for AQP2) and connecting tubules (positive for calbindin D-28k) in sham-operated and uninephrectomized rats, as described previously [11, 33] . Renal ischemia increased (P)RR expression in collecting ducts and connecting tubules as well as in damaged proximal tubules.
Ischemic AKI is known to affect the function of distant organs such as lung and heart. In particular, renal ischemia leads to down regulation of pulmonary salt and water channels in rats [37] . (P)RR mRNA is abundantly expressed in heart [9] . In this study, however, there were no changes in (P)RR abundance in lung following renal ischemia.
The role of increased (P)RR following renal ischemia could be derived using (P)RR gene knockout mice. However, ablation of the (P)RR gene from the ureteric bud causes severe renal hypodysplasia [38] . In addition, the renin inhibitor aliskiren is not a viable alternative, because 1% NaCl Fig. 5 Changes in intrarenal RAS components in ischemic AKI. There were significant increases in intrarenal AGT protein at 6 h, and peak levels were seen at 24 h (a). In contrast, renal ischemia did not change renal renin/prorenin and AT 1 R abundance until day 7 (b and c). Prior saline loading suppressed the ischemiainduced increase in AGT abundance. AGT angiotensinogen, AT 1 R angiotensin II receptor 1, Uni Nx uninephrectomized group, and AKI acute kidney injury aliskiren has no (P)RR blocking effect and does not inhibit ERK 1/2 phosphorylation or kinase activity [39] .
In summary, we showed that renal ischemia and reperfusion injury increased (P)RR concomitantly with AGT and Ang II in the proximal and connecting tubules and collecting ducts. Acute ischemia also enhanced phosphorylation of ERK 1/2 and NF-jB. Prior saline loading prevented the ischemia-induced activation of intrarenal RAS, as well as ERK 1/2 and NF-jB phosphorylation. However, olmesartan treatment did not alleviate ischemic AKI along (A) Intrarenal phospho-ERK 1/2 with no change of (P)RR and ERK 1/2 phosphorylation, despite the suppression of intrarenal AGT upregulation. These findings collectively suggest that increased (P)RR play a role in the development of ischemic AKI mediating possibly through activation of RAS-independent pathway such as ERK 1/2 signaling. Therefore, inhibition of tissue ERK 1/2 and NF-jB phosphorylation may offer a putative target for disrupting ischemia-induced AKI. Administration of olmesartan significantly increased PRA and plasma Ang II concentrations at 6 and 48 h after renal ischemia. In contrast, olmesartan did not change Scr and BUN at 6 and 48 h after renal ischemia. Tubular damage score was significantly lower at 6 h in rats treated with olmesartan, but the scores became identical at 48 h PRA plasma renin activity, Ang II angiotensin II, Scr serum creatinine, BUN blood urea nitrogen, Uni Nx uninephrectomized group, and AKI acute kidney injury 
